The October 1, 1987, Whittier Narrows earthquake (ML=5.9) was located at 34°2.96'N, 118°4.8_6'W, at a depth of 14.6 ±0.5 km in the northeastern Los Angeles basin. The focal mecharusm of the mainshock derived from first motion polarities shows pure thrust motion on west striking nodal planes with dips of 25°±5° and 65°±5°, respectively. The aftershocks defme an approximately circular surface that dips gently to the north, centered at the h~center of the mainshock with a diameter of 4-6 km. Hence the spatial distribution of the mamshock and aftershocks as well as the focal mechanisms of the mainshock indicate that the causative fault was a 25° north dipping thrust fault striking west and is confmed to depths from 10 to 16 km. Although most of the 59 aftershock focal mechanisms presented here document a complex sequence of faulting, they are consistent with deformation of the hanging wall caused by.~e thrust faulting obs~~ in the mainshock. A cluster of reverse faulting events on north strikmg planes occurred wtthin hours after the mainshock, 2 km to the west of the mainshock. The _largest aftershock (ML=5.3) occurred on October 4 and showed mostly right-lateral faulting on the same north-northwest striking plane within the hanging wall. Similarly, several left-lateral focal mechanisms are observed near the eastern edge of the mainshock rupture. The earthquake and calibration blast arrival time data were inverted to obtain two refined crustal velocity models and a set of station delays. When relocating the blast using the ne~ models and delays, the absolute hypocentral location bias is less than 0.5 km. The mamshock was followed by nearly 500 locatable aftershocks, which is a small number of aftershocks for this magnitude mainshock. The decay rate of aftershock occurrences with time was fast, while the b value was low (0.67±0.05) for a Los Angeles basin sequence.
INrR.onucnoN
The moderate-sized (ML=5.9) Whittier Narrows earthquake occurred in the east Los Angeles metropolitan area in ~outhern California at 1442 (UT) on October 1, 1987 (Ftgure 1), and caused three direct fatalities and substantial damage to structures in many communities in Los Angeles and Orange counties .
The data analyses carried out in this paper are more detailed than those from Hauksson et al. [1988] . The blast arrival time data [Perkins, 1988] that were not available in the previous study are used here to constrain new velocity models. The new velocity models and station delays provide 0.5-1.0 km shallower focal depths for most of the aftershocks, while the epicenters are almost identical within 0.5 km. Detailed aftershock statistics are also derived to facilitate comparison with other sequences, although such a comparison is not the subject of this paper. To analyze the deformation caused by this sequence, 57 new single-event focal mechanisms are determined. The results of this more detailed study mostly confirm the conclusions reached by with three exceptions. First, Hauksson et al. Copyright 1989 by the American Geophysical Union.
Paper number 89JB00111. 0148-0227/89/89JB-00111$05.00 9569 [1988] suggested that the steeply dipping fault, which caused the largest aftershock, caused earthquakes within both the hanging wall and the footwall of the mainshock fault. The new relocations of the aftershocks show that this fault is only seismically active within the hanging wall. Second, Hauksson et al. [1988] showed that the aftershock zone of the largest aftershock was from 14.5 to 11 km depth. The new relocations of these aftershocks show this zone extending from 15 to 9 km depth. Third, the focal depths of the mainshock and largest aftershock changed from 14 and 12 km to 14.6 and 13.3 km, respectively.
The Whittier Narrows earthquake is the largest earthquake to occur west of the San Andreas fault in southern California since the 1971 (M w=6.6) San Fernando earthquake. The Whittier Narrows earthquake was located in the northeastern corner of the Los Angeles basin, halfway between the surface traces of the Raymond and Whittier faults. The Raymond fault, 5-10 km north of the epicenter, is a part of the Santa Monica-HollywoodRaymond fault system, a west striking and north dipping reverse fault system. Before the occurrence of the Whittier Narrows earthquake this fault system was considered to be the southernmost margin of the frontal faults of the Transverse Ranges [Crook et al., 1987] . The earthquake is al_so located 5-10 km to the north of the mapped termmus of the northwest striking Whittier fault. Where 
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1. An overview of the Los Angeles basin and adjacent regions, southern California. Epicenters of the Whittier Narrows mainshock (ML=5.9) and largest aftershock (ML=5.3) are shown. Faults located to the south of the epicenter of the Whittier Narrows earthquake accommodate mostly strike-slip movement, whereas except for the San Andreas fault, faults that are located to the north accommodate mostly reverse or thrust movement.
it is best exposed in the Puente Hills, the Whittier fault is dominantly a steeply northeast dipping, strike-slip fault with a small reverse component [Yerkes et al., 1965] . The Whittier Narrows earthquake was caused by rupture on a gently north dipping, west striking thrust fault. Thus it was not associated with a strike-slip fault south of the epicenter, such as the Whittier fault. It was also located well south of the mapped reverse and thrust faults of the Transverse Ranges and thus occurred on a structure not expressed at the surface. As a thrust faulting earthquake in what previously has been thought to be a strike-slip to oblique-reverse regime, the occurrence of the Whittier Narrows earthquake requires that existing interpretations of the neotectonics of the Los Angeles basin and the southern margin of the central Transverse Ranges [e.g., Yerkes et al., 1965; Morton and Yerkes, 1987] be modified.
Available geological evidence and the occurrence of the Whittier Narrows earthquake suggest that a 10 to 15 km wide transition zone of seismogenic blind thrust faults (here called the Elysian Park fault system) exists between the west striking reverse faults of the Transverse Ranges to the north and the northwest striking strike-slip faults of the Peninsular Ranges to the south. These blind thrust faults do not emerge at the ground surface [Davis et al., this issue] . Such blind fault systems are overlain by a cover or a roof sequence that deforms synchronously [Dunne and Ferrill, 1988] ). This coseismic deformation was observed following the Whittier Narrows earthquake as domal uplift over an area of 5-8 km diameter with a peak uplift of 50 mm at the apex [Lin and Stein, this issue] .
The importance of blind thrusts under anticlines in seismic hazards analysis has recently been highlighted by the occurrence of several earthquakes in well-instrumented areas, such as the 1983 (Mw=6.5) Coalinga earthquake [Eaton, 1985] , the 1985 (M s=6.7, 6.9) Nahanni earthquakes [Wetmiller et a/.,1988] , and the 1987 (M£=5.9) Whittier Narrows earthquake . All of these earthquakes occurred on blind thrusts with anticlines as the sole surface expression of the faults. These earthquake hazards are very important because .Angeles·
\ .
• ' \ X "b [Yerkes et al., 1965] . The approximate outline of the Whittier Narrows aftershock zone is also shown. anticlinal structures are common in compressional tectonic environments as well as in some strike-slip environments [e.g., Page, 1981] . These hazards, however, are difficult to evaluate because the causative faults do not extend to the surface, and thus slip rates must be inferred from contraction or uplift rates or the use of mapped deformation in the cover or roof sequence above the blind thrust to infer the slip rate on the buried causative fault [e.g., Davis et al., this issue] .
of activity, while the deepest part of the basin and the Santa Monica mountains are almost aseismic.
The Whittier Narrows earthquake was not preceded by any obvious increase in background seismicity within the Los Angeles basin or nearby areas . All ML'?:.l.5 earthquakes for 10 years preceding the event are shown in Figure 2 . The aftershock zone is relatively aseismic compared to many other more active areas within the Los Angeles basin. The more seismically active areas are the Newport-Inglewood fault zone and the area southwest of the Whittier fault. The northern Los Angeles basin also shows a moderate level EARTIIQUAKE DATA The Whittier Narrows earthquake sequence was recorded by the California Institute of Technology/U.S. Geological Survey (CIT/USGS) Southern California Seismic Network and the University of Southern California (USC) Los Angeles Basin Seismic Network (Figure 3) . The CIT/USGS network provided coverage to the east, while the USC network provided coverage to the west. The closest permanent seismic station (TCC) is located 10 km south-southeast of the sequence. Both networks are digitally recorded at 100 samples per second (sps) using CUSP event detecting software, except for some cases where the CIT/USGS network is recorded at 62.5 sps [Johnson, 1983; Given et al., 1987] . Over 95% of the arrival time and first motion polarities used in this study were obtained from these two permanent networks. 
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SEISMOGRAPH STATIONS LOS ANGELES BASIN
Some of the aftershocks were also recorded by portable instruments including the USGS GEOS recorders [Borcherdt et al., 1985] , USGS 5-day recorders, and USGS DR200 recorders. These instruments were deployed in the field 36-72 hours following the occurrence of the mainshock. The GEOS data (P. Spudich written communication, 1988) recorders (A. Michael, written communication, 1987) were played back through a real time processor (RTP [Allen, 1982] and cover the time period October 4-15. The DR200 recorders (C. Bufe, written communication, 1988) provided additional data for the M>2.5 aftershocks from October 3-10. On November 8, 1987, a calibration blast was detonated near the Whittier Narrows, within a few kilometers of the epicenter of the mainshock (Figure 3 ). It was recorded to distances of 100 km by both seismic networks and portable instruments deployed at sites previously occupied for recording of aftershocks [Perkins, 1988] . This blast provided the necessary arrival time data needed to constrain the velocities of the top layers in the velocity models.
VELOCITY MODEL
The arrival time data from the Whittier Narrows sequence and the calibration blast have been used to determine the crustal velocity structure of the Los Angeles basin and the surrounding areas. A data set of 190 earthquakes, where each earthquake had between 20 and 104 P and S arrival times recorded by as many as 90 stations (Figure 3 ), was selected for simultaneous inversion. The VELEST method [Roecker and Ellsworth, 1978] was used to invert these data and the blast data to obtain two velocity models, a set of station delays, and hypocenters. To obtain velocity models that correspond to the local geology, seismic stations located in the Los Angeles basin were assigned a separate initial velocity model with surface layers of low velocities appropriate to the sediments in the basin (Figure 4 and Table 1 ). Stations located outside the basin were assigned an initial velocity model derived by Hadley and Kanamori [1977] for southern California; the top layer was divided into two separate layers to better model near-surface velocity variations (Figure 4) . The final velocity models and station delays were used with the location algorithm HYPOINVERSE [Klein, 1985] to relocate the mainshock and its aftershocks.
To show how the blast arrival time data are fitted by the routine velocity model, the observed travel times from the blast are plotted in a reduced travel time graph ( Figure  Sa) . The corresponding calculated travel time curve from the routine velocity model is also shown. The observed travel times show some scatter and average 0. 77 s larger than the calculated travel times. The fit of the arrival times of the blast to the final models is shown in Figure  5b , where the observed travel times have been corrected using the corresponding station delays. The solid circles that represent travel times to basin stations are fitted with the basin model, while the open circles that represent travel times to stations located outside the basin are fitted with the southern California model (see also Figure 3 ). To account for the delay associated with the downward traveling rays at the blast site, the blast was assigned a delay of the same size as the closest station delay. This delay of 0.16 s was subtracted before plotting the calculated travel times in Figure 5b . The top low-velocity layers in the models for the basin, as well as outside the basin, remove the bias of 0.61 s while the blast delay accounts for 0.16 s. The reduction in the scatter of observed travel times is accomplished by including the station delays.
Because most of the hypocenters are located deeper than 10 km the VELEST method may smooth the velocities of the upper layers such that the velocity of the surface layer may be set too high and the velocities of the layers between the surface and the shallowest hypocenters too low. To minimize this smoothing effect, the velocity of the top layer in the basin model was kept fixed during the first six iterations. The VELEST inversion converged usually after 12 iterations. The models and set of station delays presented here are preferred because they reduced the average root-mean-square (Rms) from 0.23 to 0.09 s and provided the smallest Rms for the set of 190 earthquakes. Furthermore, when these models and station delays are used to locate the blast assuming an unknown origin time and location, the blast is located 0.5 km to the westnorthwest of the true location at a depth of 0.4 km with a source delay of 0.24 s. The mislocation vectors between hypocenters obtained from using the routine velocity models and no station delays and hypocenters obtained using the two new models and the corresponding set of delays are shown in Figure 6 . Only four events (the mainshock, ML =5.3 aftershock, a ML=4.1 aftershock, and the calibration blast) are included for clarity. The calibration blast has three locations that are the true location, routine location, and final location {Table 2). The mislocation vectors for the blast represent a maximum estimate, and corresponding mislocation vectors for earthquake hypocenters should in all cases be smaller, because the rays traveling away from the blast pass twice through the near-surface heterogeneous velocity structure. The final mislocation of the blast may in part be caused by the seismic network geometry with many stations located to the north and west. The mislocation vectors of the mainshock and the two large~t aftershocks show a systematic displacement to the south, and the focal depths change significantly when using the new model and delays. In particular, the new models and delays locate the mainshock within the aftershock zone. The routine model does a poorer job of locating the mainshock and puts it at a shallower depth than most of the aftershocks. Because the new models and delays are consistent with the geological contrast between the Los Angeles basin and the adjacent mountain ranges, they provide more consistent relative hypocenters. The 0.5 km mislocation of the blast is indicative of the hypocenter reliability.
A new layer boundary was added at 13 km depth in the Los Angeles basin model to account for possible gradual increase in P wave velocity with depth. The boundary at 13.0 km depth appears to be significant, and the results of the inversions show consistently higher velocities beneath the boundary than above it. The effect on earthquake locations was tested by varying the layer boundaries and repeating the inversion. In most cases the focal depths did not depend strongly on the choice of layer boundaries. For instance, moving the 16 km deep layer boundary down to 18 km changed the focal depths of the earthquakes by less than 0.5 km. Because the inversion adjusts the velocities within each layer, there is an obvious trade-off between velocities and layer structure. In general, the two final models give lower Rms values for the improved hypocenters than other models tried in the test inversions.
The final southern California model is similar to the below the basin sediments appear to be similar in magnitude to the basement velocities observed at the surface outside the basin. This model differs from the model derived by Hauksson et al. [1988] in that the top 5.5 km of this model has lower velocities and the depth range 5.5-16 km has slightly higher velocities. The error bars are small, and the velocities are well resolved because Iter, number of iterations calculated by HYPOINVERSE; depth, calculated depth of blast in kilometers; Del, distance in kilometers between true and calculated location; Arms, average root-mean-square residual of observed and calculated travel time in seconds; rms, normalized root-mean-square residual; Erh, horizontal error in kilometers; Erz, depth error in kilometers. many rays pass through each layer. Refined earthquake hypocenters and focal mechanisms have been calculated using the new crustal velocity models and the corresponding station delays.
AFTERsHOCK STATISTICS
The Whittier Narrows earthquake was followed by an unusually small number of aftershocks. The number and temporal distribution of aftershocks in a sequence can be described by the modified Omori's law:
where N is the number of earthquakes per time interval, t is time since the mainshock, and K, C, and p are constants [e.g., Utsu, 1971] . K is the number of events in the first hour, p represents how quickly the sequence decays, and C is related to incompleteness of recording immediately following the mainshock. The fit to the modified Omori's law was recently determined for 70 AP-5 California aftershock sequences [Reasenberg and Jones, 1989 ] assuming a constant C=0.05 day. Only aftershocks within three units of magnitude of the mainshock (i.e., 2.9g{<5.9 for Whittier Narrows) were used to determine K. This constant K is referred to as K3 because it uses only a range of three units of magnitude, which makes it possible to compare sequences with different mainshock magnitude. Thus the constant K3 is independent of the magnitude of the mainshock and represents real variations of aftershock activity.
In California, K3 has ranged from 1.9 to 115; the K3=4.0 value for Whittier Narrows is among the lowest.
The p value for Whittier Narrows of 1.51 is the third highest in the California range from 0.5 to 2.0. A comparison with other Los Angeles area aftershock sequences is shown in Table 3 . With a low K3 (number in the first hour) and high p or fast decay rate, Whittier Narrows had the smallest number of aftershocks for its magnitude of any Los Angeles earthquake.
What aftershocks did occur, however, tended to be large. In the Gutenberg-Richter relation
the b value was 0.67±.05 from a maximum likelihood determination. This is in the lowest 10% of California aftershock sequences which range from 0.5 to 1.4 [Reasenberg and Jones, 1989] . Thus, although the overall rate of aftershock activity is low, the occurrence of two large aftershocks (M=5.3 on October 4 and M=4.7 on February 11) fits the magnitude distribution predicted from smaller events (Figure 7) .
Because of the low b value, the cumulative seismic moment released in the aftershock sequence was not low even though the number of aftershocks was small. The ratio of the cumulative aftershock seismic moment divided by the seismic moment of the mainshock has been calculated for 70 sequences in southern California (moments estimated from the magnitudes). The seismic moment release in these aftershock sequences ranged from 0.2% to 150% of the moment of the mainshock, with a mean of 8%. The Whittier Narrows aftershock sequence was close to an average sequence with a cumulative seismic moment of 12.8% of the mainshock moment. However, the moment release was accomplished through a very small number of large aftershocks. Hauksson and Jones [1988] suggested that high stress drop mainshocks with a clean rupture often had a rapidly decaying aftershock sequence, while low stress drop events, with an incomplete rupture, were more likely to have prolonged aftershock sequences. The Whittier Narrows earthquake sequence fits this pattern with a relatively high stress drop as compared to most other southern California mainshocks [Bent and Heimberger, this issue] and small number of aftershocks. Low b values have been associated with high confining stress [e.g., Scholz, 1968] . However, the physical meaning of the parameters K3, p, and b has yet to be fully understood. The main use of determining K3, p, and b is to describe the statistical properties of each sequence in a quantitative way. These parameters can in tum be used to predict the development of ongoing sequences near real-time for mitigation of earthquake hazards [Reasenberg and Jones, 1989] .
EARTIIQUAKE LocATIONS
The epicenter of the mainshock was located at 34°2.96'N, l18°4.86'W, at a depth of 14.6 km, 3 km north of the Whittier Narrows (Figure 1) . The calculated relative uncertainties in the epicenter determination from HYPOINVERSE are 0.2 km, and the absolute location bias of the calibration blast indicates that the absolute error is less than 0.5 km. The epicenter is located 5-10 km to the northwest of the terminus of the mapped surface expression of the Whittier fault. The relative error of the depth of focus of the mainshock is less than 0.4 km, and the absolute error may also be less than 0.5 km, similar to the absolute location errors of the blast.
The aftershocks form two spatial groups, one associated with the mainshock rupture plane and a second associated with the largest (M£=5.3) aftershock. In map view the first group forms an annulus centered at the epicenter of the mainshock with a diameter of 4-6 km ( Figure 8) . In a north-south cross section, the aftershocks that occurred during the first three days (before the largest aftershock) suggest a surface dipping gently to the north.
Both the north-south and the east-west cross sections show that most of the aftershocks are located within or above the mainshock fault plane. Thus it appears that the mainshock resulted from slip on a plane striking west and dipping 25° to the north.
The largest aftershock (ML= 5.3), which occurred at 1059 UT October 4, 1987, was located 2 km to the northwest of the mainshock's epicenter (Figure 9 ). The focus of the largest aftershock is located at a depth of 13.3 km within the hanging wall of the thrust sheet, 1.5 km shallower than the rupture surface of the mainshock. The locations of the largest aftershock and its own aftershocks define a north-northwest striking, steeply dipping fault (Figure 9 ). This fault forms the western edge of the aftershock distribution of the mainshock (Figure 8) . The spatial distribution of aftershock hypocenters indicates that this steeply dipping fault exists only within the hanging wall. The stress loading from the mainshock appears to have triggered the largest aftershock on this steeply dipping fault.
The mainshock and aftershocks from October 1, 1987, to March 31, 1988 Two features of the spatial distribution of the earthquake sequence are unusual. First, the aftershocks are unusually deep and never approach the surface; the shallowest aftershock is 10 km deep. Furthermore, no surface rupture for the Whittier Narrows earthquake has been documented . This is further evidence that the sequence is related to a buried or a blind thrust fault that does not extend to the surface. Many earthquakes of this magnitude that have occurred in California since 1930 on strike-slip or reverse faults show fault rupture and aftershocks that extend to shallower depths and often produce measurable offset at the surface.
Second, the areal extent of the aftershock zone is small. By comparison, the 1986 North Palm Springs earthquake (ML=5.6 and M 0 =lx1025 dyn em) also occurred on a dipping fault and had an aftershock zone of 16 km by 9 km and thus an aftershock area over 6 times larger than that of the Whittier Narrows earthquake. If the aftershock zone corresponds to the fault rupture surface, this suggests that the Whittier Narrows mainshock had a high stress drop [Lin and Stein, this issue] and perhaps a long recurrence interval. Scholz et al. [1986] and Kanamori and Allen [1987] have shown that earthquakes with longer repeat times have higher stress drops on the average, possibly caused by increased strength with longer healing tim<:> for the fault.
FOCAL MECHANISMS The P first motion polarities were used to determine single-event lower hemisphere focal mechanisms for the mainshock and 58 aftershocks of ML?:.2.2 ( Figure 11 and Reasenberg and Oppenheimer [1985] was used to determine the nodal planes. The original seismograms were rechecked to correct possible mistakes in determining first motions and to include all important first motions. Of the 59 events, only two had multiple possible focal mechanism solutions. In most cases the nodal planes are well constrained and errors in strike, dip, and rake are usually less than 5°.
The nodal planes in the focal mechanism of the mainshock strike within 5° of due west and dip 25°± 5° to the north and 65°±5° to the south, respectively ( Figure  12 ). The spatial distribution of the hypocenters of the mainshock and its aftershocks, as well as the focal mechanism of the mainshock, indicate that the causative fault is the 25° north dipping thrust fault striking west and located at depths from 10 to 16 km (Figure 8 ). The slip on this inferred fault was pure thrust with north over south movement. Both the strike and dip of the mainshock fault differ significantly from the mapped strike and dip of the Whittier fault [Yerkes et al., 1965] . In addition, the relative locations of the mainshock's hypocenter and the projected location of the Whittier fault do not coincide. Thus the earthquake did not occur on the Whittier fault
The single-event lower hemisphere focal mechanisms of the mainshock and 59 aftershocks are shown in Figure   10 and are listed in Table 4 . The focal mechanisms are plotted at their respective epicenter in Figure 12 along with approximate outlines of the two aftershock zones. These focal mechanisms document a complex history of faulting. Numerous aftershocks with similar focal mechanisms as the mainshock occurred in and around the outer edges of the proposed rupture area. Within 30 min of the mainshock, a north-south trending sequence of events occurred 1-2 km to the west of the mainshock hypocenter and at similar depths. These events showed reverse faulting on north striking and almost vertical (or slightly west dipping) planes. The largest aftershock (ML=5.3) occurred on October 4, 2 km northwest of the mainshock epicenter. This aftershock showed mostly right-lateral faulting on a north-northwest striking plane dipping steeply to the west. It was also followed by its own aftershock sequence that clearly identified the northnorthwest striking nodal plane as the rupture surface ( Figure 9 ). The inferred rupture surface of the largest aftershock is shown in Figure 12 as a dipping plane in the depth range from 13.5 km up to 9.0 km. The aftershock sequence decayed rapidly following the largest aftershock. The complexities of faulting in the aftershock sequence are also illustrated by at least two possible left-lateral strikeslip focal mechanisms showing motion on steeply dipping north striking faults, which can be identified near the eastern edge of the mainshock rupture surface. Similarly, several right-lateral strike-slip mechanisms are observed on the west side of the mainshock rupture. Furthermore, three small events show normal faulting along northwest striking faults at the southern end of the mainshock rupture zone at similar depths (12-13 km) as other earthquakes at that location. In general, most of the aftershocks are consistent with deformation of the hanging wall induced by the thrust faulting observed in the mainshock. The right-lateral strike-slip aftershocks on the west side, in conjunction with similar left-lateral events on the east side of the mainshock rupture, could result from movement of the hanging wall to the south as it readjusts to the new crustal stress field following the mainshock. Several earthquakes with mechanisms similar to the mainshock are located to the north of the mainshock, but at depths of 10-11 km, 5 km above the assumed rupture surface of the mainshock (Figure 13 ). These focal mechanisms are predicted by some models of ramp faulting to accommodate bending of the hanging wall [J. Suppe, personal communication, 1988) .
The intersection of the mainshock and aftershock fault planes can be seen in the stereoscopic projection in Figure  13 . The gently dipping mainshock fault plane is bounded on the west by the steeply dipping fault. This vertical fault is confined to the hanging wall of the mainshock fault. This again suggests that the vertical fault is accommodating deformation of the hanging wall. A stress inversion of these focal mechanism data yields a stress field with the least principal stress vertical and the maximum principal stress oriented approximately northsouth (A. J. Michael, Stress analysis of the Whittier Narrows, California, aftershock sequence, submitted to Geophysical Research, 1988) .
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Several minor faults have been mapped during oil exploration or are inferred from geologic mapping and are located between the Whittier Narrows and the San Rafael Hills, cutting across the aftershock zone (Figure 14) . Most of these northwest striking faults have both dip-slip and strike-slip offsets of at most a few kilometers [Lamar, 1970] . None of these faults have the correct dip or strike to accommodate the mainshock. Furthermore, because they strike northwest and are right-lateral, they seem to be unlikely to accommodate the north to north-northwest motion on the west side of the aftershock zone or the leftlateral motion on north to northeast striking faults to the east. Hence it is possible that these faults do not extend to depths of 10-16 km where the Whittier Narrows sequence took place. Alternatively, these faults are no longer active, and a different set of unmapped faults is currently accommodating the ongoing crustal deformation.
The complexity of the focal mechanisms in the aftershock sequence illustrates that down to depths of 10-16 km, fault structures such as north striking reverse faults, right-lateral strike-slip faults striking north to northwest, left-lateral strike-slip faults striking north to northeast, and normal faults striking north to northwest, are all seismogenic in the Los Angeles basin. These seismogenic structures all exist in addition to the west striking thrust fault that caused the mainshock. Hence to understand the seismogenic potential of these structures, systematic mapping of the relative spatial extent of primary structures and secondary structures that may play a segmentation role is needed.
DISCUSSION
The 1987 Whittier Narrows mainshock is the largest earthquake to occur in southern California west of the San Andreas fault since the 1971 San Fernando earthquake. Although both of these earthquake sequences occurred in similar tectonic environments, there are remarkable differences between the two mainshocks and similarities between their respective aftershock sequences.
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mechanisms of the two events shows that the Whittier Narrows earthquake ruptured a gently dipping thrust fault, while the San Fernando event ruptured a more steeply dipping reverse fault (Figure 14) . Figures 14a and 14b are slightly modified from Whitcomb et al. [1973] . Whitcomb et al. [1973] state that these are A and B quality locations of M>3.0 events that are felt by them to have an absolute location accuracy to 2 km horizontally and 4 km vertically and 4 km horizontally and 8 km vertically, respectively. They also point out that the relative location accuracies are much better and that depth determinations during the first 24 hours are less accurate than during the subsequent months when portable instruments were operated in the area. Only two of the shallow events, with depth less than 3 km, occurred during the first 24 hours of aftershock activity. Hence the depth distribution of hypocenters in Figure 14b is considered to be reliable. The greater depth (14.6 km) and limited depth range of the Whittier Narrows sequence suggest that it occurred on a blind thrust fault. The 8-12 km depth and steep dip of the San Fernando earthquake and surface rupture suggest that it ruptured a reverse fault. This is also confirmed by spatial association with nearby reverse faults [Whitcomb et al., 1973] . Although these differences between the earthquakes exist, both appear to play a similar role in accommodating crustal deformation in southern California, because both result in crustal shortening accompanied by local uplift [Lin and Stein, this issue] .
Although these two earthquakes differ in size and type of faulting, their aftershock sequences show surprising similarities. The San Fernando mainshock ruptured a northwest striking fault. Many of the San Fernando aftershocks, however, occurred along a linear northeast trend showing both reverse and left-lateral strike-slip motion on northeast striking planes. Whitcomb et al. [1973] interpreted these anomalous focal mechanisms as being caused by a step down to the west in the mainshock fault plane. Many of the Whittier Narrows aftershocks, including the largest aftershock (ML=5.3), formed a similar anomalous trend of reverse and right-lateral strikeslip mechanisms. To the south of the mainshock this (34.00~ 118.11°) Fig. 13 . Three-dimensional, stereoscopic projection of the focal mechanisms of the mainshock and 56 aftershocks in Figure 9 . Each focal mechanism is represented by a circle oriented in the assumed plane of slip located at the hypocenter. The assumed slip plane was selected for each focal mechanisms as follows: north or west dipping planes from thrust mechanisms and right-lateral planes from strike-slip mechanisms except for two events on the east side where left-lateral planes are selected. The slip direction is indicated by the line segment within each circle. The view is from the N30°W, looking down from 30° above the horizontal from a distance of 50 km. The size of the circles is proportional to magnitude, and the mainshock and largest aftershock are labeled MS and LAS, respectively. This figure was prepared using a computer program written by D. Given and P. German (written communication, 1988) .
trend strikes mostly north and is dominated by reverse faulting on north striking planes. To the north of the mainshock, however, the trend strikes more northwesterly and is dominated by right-lateral strike-slip faulting. These observations suggest that the thrust and reverse faults are geometrically complex and interaction between almost vertical and dipping faults is occurring. The almost vertical faults appear to be secondary structures that may control the location of the initiation of failure as well as the lateral extent of rupture on the dipping faults.
The tectonics of southern California west of the San Andreas fault are usually interpreted to consist of strikeslip faulting on northwesterly trending faults to the south of the Transverse Ranges. Within the Transverse Ranges the crustal deformation, however, is mostly accommodated by reverse or thrust faulting on west striking faults [Yerkes, 1985] . The boundary between these two tectonic provinces is usually drawn along the southernmost reverse faults such as the Santa Monica, Raymond, and Sierra Madre faults. In Figure 15 , focal mechanisms for nine different (M¢.0) mainshocks that have occurred west of the San Andreas fault in southern California since 1933 are shown. These earthquakes are distributed over a large geographic area and are usually associated with low slip rate faults [Ziony and Yerkes, 1985] . Six of the nine events show reverse or thrust faulting within the Transverse Ranges. Only two events, the 1933 (Mw=6.2) Long Beach earthquake and the 1981 (ML=5.3) Santa Barbara earthquake show strike-slip faulting [Woodward Clyde Consultants, 1979; Corbett, 1984] . The southernmost event in Figure 15 is the 1986 (ML=5.3) Oceanside earthquake that may have occurred on a bend or an offset in the San Diego Trough fault [Hauksson and Jones, 1988] . The geographic locations of the Whittier Narrows and the 1979 (ML=5.0) Malibu earthquakes suggest that reverse and thrust faulting along the southern margin of the Transverse Ranges extends 10-20 km to the south of the exposed reverse faults such as the Santa Monica and Sierra Madre faults, which previously were thought to form the southern margin of the Transverse Ranges. Thus the northern Los Angeles basin is subject to earthquake hazards from the exposed northwest striking strike-slip faults [Hauksson, 1987] as well as from buried west striking thrust faults.
The strike-slip faults are often well exposed at the surface, and the earthquake hazards can be quantified through detailed studies of the fault slip rates [Sieh, 1984] . In some cases, the reverse or thrust faults of the Transverse Ranges are also exposed at the surface and can be studied in the same manner as the strike-slip faults. In contrast, the Whittier Narrows earthquake and geologic interpretations by Davis et al. [this issue] raise the possibility of a system of buried thrust faults that present additional potential earthquake hazards to the Los Angeles metropolitan area. These faults differ from the exposed reverse or thrust faults that form the southern margin of the Santa Monica and San Gabriel mountains, in that they lie at depths of 10-15 km within the crystalline basement and below a thick sedimentary section, making direct study of them difficult. The deformational history recorded in the sedimentary section, however, commonly contains information about the offset and slip rate on these buried thrust faults [Davis and Hayden, 1987] . Furthermore, spatial distribution of small earthquakes as well as secondary structural features within the sedimentary section may provide clues as to the size and segmentation of these deep thrust faults. Thus with additional study, it may be possible to quantify the potential earthquake hazards from these buried thrust faults.
The seismotectonic structure of the Whittier Narrows earthquake sequence closely resembles that of the 1983 Coalinga earthquake. That earthquake also occurred on a gently dipping thrust fault, the surface expression of A depth cross section for the 1971 San Fernando sequence. The fault scarp "main fault break" produced during the mainshock is shown in map view. The north dipping nodal plane from the mainshock focal mechanism is also shown in the cross section [adapted from Whitcomb et al., 1973] . (c) The aftershock zone of (ML 0!:3.0) events and focal mechanism of the (ML=5.9) mainshock. (d) A depth cross section for the 1987 Whittier Narrows earthquake. The north dipping nodal plane from the mainshock focal mechanism is also shown in cross section. The faults are shown as dotted lines where concealed by alluvium or late Tertiary deposits, dashed lines where inferred, or solid lines where exposed. Faults near Whittier Narrows are from I...amm [1970] .
which is an anticline [Eaton, 1985] . The Coalinga earthquake was one of three earthquakes to occur on adjacent segments of the same structure over 32 months. The sequence started with the M £=5.4 New Idria earthquake in October 1982, 20 km northwest of the Coalinga event [Scofield et al., 1985] . The M£=6.5 Coalinga earthquake occurred in May 1983, and the M£=5.8 Kettleman Hills earthquake followed in August 1985. Other types of faults, strike-slip and steeply dipping reverse faults, have also had consecutive rupture of adjacent segments within 1-2 years, such as the 1968 Borrego Mountain (M£=6.4) and 1969 Coyote Mountain (M£=5.8) earthquakes on the San Jacinto faults [Thatcher and Hamilton, 1973] and the 1947 Morongo Valley (M£=5.5) and 1948 Desert Hot Springs (M£=6.5) earthquakes on the Banning fault [Nicholson et al., 1986] . In some cases, the first earthquake is larger than the second, while in other cases, the second earthquake is larger. In all cases, the second earthquake has ruptured a different (but adjacent) segment of the same structure. Most California earthquakes are not part of such multiple sequences, so there may not be another damaging earthquake soon on the Elysian Park fault system. However, the location of the Elysian Park antiform, where the segment of the fault adjacent to Whittier Narrows extends from Alhambm in the San Gabriel Valley west [1985] . Focal mechanisms are from Woodward-Clyde Consultants [1979] , Jones [1984] , Whitcomb et al. [1973] , Stierman and Ellsworth [1976] , Corbett and Johnson [1982] , Hauksson and Saldivar [1986] , Corbett [1984] and Hauksson and Jones [1988] . toward downtown Los Angeles, requires that the small probability of another earthquake occurring be seriously considered.
CoNCLUSIONS
The 1987 Whittier Narrows mainshock and most of the aftershock focal mechanisms describe thrust faulting on a west striking plane with north over south movement, while the largest aftershock and several smaller aftershocks defme a steeply dipping north to north-northwest striking fault that may have confined the slip of the mainshock. The presence of seismogenic buried thrusts beneath the northern Los Angeles basin shows that the thrust faulting and compressional regime of the Transverse Ranges extends further south than previously thought. The transition to the strike-slip regime of the Peninsular Ranges to the south does not occur abruptly at the southernmost mapped reverse fault but rather involves blind thrusts intermixing with the northernmost strikeslip faults. The Whittier Narrows aftershock sequence consisted of an unusually small number of aftershocks and most of the cumulative seismic moment release following the mainshock was accommodated by a few, large aftershocks. The occurrence of the Whittier Narrows earthquake demonstrates that the existing estimates of seismic hazards need to be reevaluated to include quantitative estimates of the earthquake potential of these buried thrust faults.
